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•March 2014 : 44 proton/7 heavy ion centers
•Under construction : 25 proton/ 4 heavy ion centers

•Only in USA, 27 new centers expected by 2017



•Depth dose distribution of various radiation qualities



Charged particle therapy physics
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Inelastic 
electron 

scattering

200 MeV 
protons in 

water

Abril et al., NIMB 2015



Light vs. heavy ions at the same linear energy
transfer (LET=140 keV/µm)

α-particles, 2 MeV Fe-ions, 1 GeV/n
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courtesy of Werner Friedland



300 MeV/n
C-ions in 
water 10-12 s

courtesy of Iannick Plante, USRATrack structure: from physics to chemistry....
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10-6 s



•Live cell imaging of heavy ion traversals in euchromatin and heterochromatin

•GFP-NSBS1

•Jakob et al., Proc. Natl. Acad. Sci. USA 2009; Nucl. Acids Res. 2011



Sparing the normal tissueSparing the normal tissue
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Courtesy of Marco Schwarz, TIFPA, Trento



Skull-base chordoma

Loeffler & Durante, Nat. Rev. Clin. Oncol. 2013



Nuclear physics: new solutions to set the controversy

Particle therapy “perceived as too expensive, too complicated, not enough precise 
and reliable” (from Bloomberg Business, 2012)



Durante et al., 
Nat. Rev. Clin. 
Oncol. 2017



Combined radiotherapy and immunotherapy Combined radiotherapy and immunotherapy 
in the clinics:in the clinics:

lung cancer triallung cancer trial

•NSCLC progressing after 3 lines of chemo
• and chest RT: Multiple lung, bone 

• and liver metastasis •48 months 
after 

•Courtesy of Silvia Formenti
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•RT to one liver met  6 Gy X 5  ( TD 30 GY)
•Ipilimumab, 3 mg/Kg, after first RT q3 weeks, X  4 cycles

•Golden et al Cancer Immunology Research, 2014

after 
RT+immunothe

rapy



RADIOIMMUNOTHERAPY

Formenti et al., JAMA Oncol. 2015

•13



Paraaortic lymph node metastasis

52.8Gy(RBE)

53 year old male pancreatic cancer recurrence after surgery

nivolumab180ｍｇ/
2weeks

Paraaortic lymph node metastasis 6 months after C-ions

Lung metastasis 6 months after C-ions Lung metastasis 6 months after C-ions



Does it work in all patients?

0.5

0.6

0.7

0.8

0.9

1.0

Median OS, months (95% CI): 9.5 (9.0–10.0)

3-year OS rate, % (95% CI): 21 (20–22)

P
ro

po
rt

io
n 

A
liv

e

0.0

0.1

0.2

0.3

0.4

0 12 24 36 48 60 72 84 96 108 120

Ipilimumab

CENSORED

P
ro

po
rt

io
n 

A
liv

e

Months

Schadendorf et al. JCO 2015

Ipilimumab in melanoma patiens – pooled OS analysis
In 4,846 patients



Statement: „we know
everything about charged

particle physics, but not about
biology“
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biology“

Answer: maybe, but to understand the biology, we
have to start from the physics



A single radiation fraction delivered 
0.5 Gy to 5% of circulating cells, 

after 30 fractions 99% of circulating 
blood had received ≥0.5 Gy

Circulating lymphocytes :     D10 =   3 Gy

Radiotherapy (and chemotherapy) compromise the immu ne system
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Yovino et al Cancer Invest. 2013

Circulating lymphocytes :     D10 =   3 Gy
D50 = ~2 Gy

D90 = ~.5 Gy

Need:
- High dose-rate

- Hypofractionation
- Reduced integral dose



Physical advantages of particle Physical advantages of particle 
therapy for immunologytherapy for immunology

Durante et al. Nat. Rev. Clin. Oncol. 2017



Nuclear fragmentation in particle therapyNuclear fragmentation in particle therapy

1. Target fragmentation: breaking bad1. Target fragmentation: breaking bad
2. Projectile fragmentation: wag the tail
3. New ions: wag the dog
4. Range verification: chase the fragment
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Incident proton

Fragments

Nuclear Interactions: Protons

12C(n,3αααα)

1. Target 1. Target fragmentationfragmentation
- about 1% cm-1 H2O 

of the protons
undergo nuclear
interactions

- about 20% in a 
typical treatment
plan

- 60% of the energy isCR39 plastic track detector - 60% of the energy is
deposited locally by
charged fragments

- 40% in n and γ out of
the field

- unstable recoil
nuclei: radiation
safety, range
verification by PET

CR39 plastic track detector

The difference of mass number of products is visible.

courtesy of J.K. Palfalvi, Budapest



Models Models ofof targettarget fragmentationfragmentation byby protonsprotons

p-Al

Goldhaber formula

MeV
High-energy Bradt-Peters approximation

Durante & Cucinotta, 
Rev. Mod. Phys. 2011



Tommasino & Durante, Cancers (2015)



Girdhani et al., Radiat. Res. 2013



2. 2. ProjectileProjectile fragmentationfragmentation

C-ions 330 MeV/n in water – simulation by MCHIT

courtesy of Igor Mishustin



Projectile fragmentation in heavyProjectile fragmentation in heavy--ion therapyion therapy

� Production of fragments with 
higher range vs primary ions

� Production of fragment with 
different direction vs primary
ions

� Mitigation and 
attenuation of the 
primary beam:50-70% of 
the C-ions do not reach
the distal edge in  typical
tretmant

� Different biological
effectiveness of the 
fragments

Exp. Data (points) from Haettner et al, Rad. Prot. Dos. 2006

Simulation: A. Mairani PhD Thesis, 2007, Nuovo Cimento C, 31, 2008

12C  (400 MeV/u) on water
Bragg-Peak

Dose over the
Bragg Peak :

p ~ 1-2 %
C ~ 15 %       
Ne ~ 30 %

Mairani



Fragments detection techniques

Standard techniques exploit the dE/dx measurement (∆E), 
calorimetric E measurement, Time of Flight (β) 
measurement

particle Ekin/nucl

(MeV)

dE/dx 

(MeV/cm

)

Range 

(cm)All this measurement are closely 
related  with the particle )

proton 10 42.6 0.1

proton 100 7.4 7.6

He 10 186 0.1

He 100 29 7.6

Be 10 78 0.06

Be 100 114 4.4

Carbon 100 259 2.5

Carbon 400 108 26.3

related  with the particle 
identification (PID)
• ∆E vs E -> PID
• ∆E measurement provided PID 

-> E
• ToF (β) measurement provided 

PID -> E 
Measurements of target 
fragmentation are extremely 
difficult and highly needed



Data - MC comparison: 12C ions

Integral quantities 
(fragment yields, 
charge changing 
cross sections) are 
generally within 10-
20%

Build-up of charged fragments for 12C 

400MeV/n in water

20%

Bolhen et al, Phys. Med. Biol. 55 
(2010) 5833–5847



Data - MC comparison: 12C ions

NB: the accuracy 
on delivered dose 
MUST be of the 
order of few %

Differential/double- differential quantities (vs angle 
and/or energy) � larger discrepancies found

order of few %

Some MC benchmarks:

Sommerer et al. 2006, PMB 
Garzelli et al. 2006, ArXiv
Pshenichnov et al. 2005, 2009 
Mairani et al. 2010, PMB 
Böhlen et al. 2010, PMB 
Hansen et al. 2012, PMB

Bolhen et al, Phys. Med. Biol. 55 (2010) 5833–5847



Recent thin target, Double Diff Cross 
Section C-X measurements

The community is exploring 
the interesting region for 
therapeutical application.

LNS 62 AMev C beam 

FRAG experiment

GANIL 95AMev C 

beam - E600 

collaboration (2011)

GSI 400 AMev C beam

FIRST experiment 

Courtesy of 
Vincenzo Patera



3. Fragmentation of other ions

Penumbra comparison 
(90% => 10%):

Protons: 17,4 mm

Helium4: 10,9 mm

Carbon: 7,4 mm

Courtesy of Thomas 
Haberer, HIT

Rasterscan  @ HIT-
R+D-Cave



Why carbon?
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SimulationsSimulations ofof different different 
ionsions forfor particleparticle therapytherapy

12C 4He 1H

Grün et al., Med. Phys. 
2015; Scifoni et al., EPJD 

2014



Helium: Helium: prepre--clinicalclinical experimental experimental 
studiesstudies

SOBP, He-ions
Krämer et al., Phys. 

Med. Biol. 2016



What we still miss to know about  light 
ions fragmentation in 2018?

Data exist at 00 or on thick target. But we need to know, for any beam 
of interest and on thin target:
• Production yields of Z=0,1,2,3,4,5 fragments
� d2

�/d�dE wrt angle and energy, with large angular acceptance 
� For any beam energy of interest (100-500 AMeV)
� Thin target measurement of all materials crossed by beam� Thin target measurement of all materials crossed by beam

Abeam, E Abeam , E'

ρ,A,Z

ρ',A',Z'

X,Ex,θx,φx

Y,Ey,θy,φy

• Not possible a 
complete database of 
measurements

• We need to train a 
nuclear interaction 
model with the 
measurementsAbeam = 12C,16O,4He,… 



Treatmen t unce rtaintie s in ion bea m the rapy  

Difference TP / delivery  

TPS dose calculation errors  
Inhomogeneities, metallic implants 

  Conversion HU in ion range  
  CT artifacts 

4. Range uncertainties

Difference TP / delivery  
Daily setup variations 
Internal organ motion 
Anatomical / physiological changes  

Daily practice of compromising 
dose conformality for safe delivery 

After Enghardt 2005 

Courtesy of Wolfgang Enghardt



Tumori pediatrici

•36

•Pianificazione      In trattamento   Ultimo giorno     6 m post-
P



PEDIATRIC MEDULLOBLASTOMA
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Range Range verificationverification

Source of range uncertainty in the patient 
 

Range 
uncertainty 

Independent of dose calculation:  
Measurement uncertainty in water for commissioning ± 0.3 mm 
Compensator design ± 0.2 mm 
Beam reproducibility ± 0.2 mm 
Patient setup ± 0.7 mm 
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Patient setup ± 0.7 mm 
Dose calculation:  
Biology (always positive) + 0.8 % 
CT imaging and calibration ± 0.5 % 
CT conversion to tissue (excluding I-values) ± 0.5 % 
CT grid size ± 0.3 % 
Mean excitation energies (I-values) in tissue ± 1.5 % 
Range degradation; complex inhomogeneities - 0.7 % 
Range degradation; local lateral inhomogeneities * ± 2.5 % 

Total (excluding *) 2.7% + 1.2 mm 
Total 4.6% + 1.2 mm 

 



Fragmentation and beam monitoring

Outcoming 

radiation from 

human head 

irradiated by 12C 

beam- FLUKA

X105The p, 12C beams 
generate a large 
amount of 
secondaries.
Prompt single 
gamma, positrons, 
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beam- FLUKAgamma, positrons, 
protons and 
neutrons can be 
used to track the 
beam inside the 
patient



In situ control with PETIn situ control with PET

dose plan

measured 

Courtesy of Wolfgang Enghardt, HZDR, Dresden



Treatment plan – TRiP984D

online 
PET

offline 
PET

Stephan Helmbrecht, Oncoray



Monitoring secondary charged 
particles

Charged particles have several nice features as

• The detection efficiency is almost one

• Can be easily back-tracked to the emission point-> can 
be correlated to the beam profile & BP

proton

beam
BUT…
• They are not so many
• Energy threshold to 
escape ~ 100 MeV

• They suffer multiple 
scattering inside the 
patient -> worsen the 
back-pointing resolution Piersanti et al., Phys. 

Med. Biol. 2014



Secondary protons & beam monitoring

There are indications that emission point distribution of 100-150 
MeV secondary protons provides info on the BP position

Simulated emission distribution shape 

of protons as detected ouside different 

PMMA thickness at 300 wrt the direction 

of 95 AMeV 12C beam

E. Testa et al Phys. Med. Biol. 57 4655

Measured emission distribution shape of 

protons as detected outside a 5 cm thick 

PMMA at 900 wrt the direction of 220 AMeV
12C beam

L. Piersanti et al  Phys. Med. Biol 2014

•43

L. Piersanti et al  Phys. Med. Biol 2014
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Finishing the job: how many things we could Finishing the job: how many things we could 
do with more nuclear physics….do with more nuclear physics….

• Ultrafast treatments (seconds)
• Moving targets (lung, abdomen….)
• Radiosurgery (single fractions for 
cancer and noncancer diseases)
• Oligometastasis (3-7 treated 
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• Oligometastasis (3-7 treated 
simultaneously)
• Image-guided adaptive treatments 
(hypoxia, cancer stem cells…..)

Bragg peak as the XXI century 
scapel



SummarySummary

Eventually, the cost effectiveness of particle therapy will be decided
by clinical trials but nuclear physics should bring the methodology
from „experimental“ to „routine“

Nuclear fragmentation measurements are highly needed for treatment
planning, use of new ions, calculations of the biologicalplanning, use of new ions, calculations of the biological
effectiveness, and online monitoring of beam delivery

• Double-differential cross-sections are particularly important for Monte 
Carlo codes, now entering (via GPU) in commercial TPS

• Target fragmentation studies are technically challenging but are
essential for protontherapy and for future He-ion therapy
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